Enhanced currents through L-type calcium channels in cardiomyocytes disturb the electrophysiology of the dystrophic heart. Am J Physiol Heart Circ Physiol 306: H564 -H573, 2014. First published December 13, 2013; doi:10.1152/ajpheart.00441.2013.-Duchenne muscular dystrophy (DMD), induced by mutations in the gene encoding for the cytoskeletal protein dystrophin, is an inherited disease characterized by progressive muscle weakness. Besides the relatively well characterized skeletal muscle degenerative processes, DMD is also associated with cardiac complications. These include cardiomyopathy development and cardiac arrhythmias. The current understanding of the pathomechanisms in the heart is very limited, but recent research indicates that dysfunctional ion channels in dystrophic cardiomyocytes play a role. The aim of the present study was to characterize abnormalities in L-type calcium channel function in adult dystrophic ventricular cardiomyocytes. By using the whole cell patchclamp technique, the properties of currents through calcium channels in ventricular cardiomyocytes isolated from the hearts of normal and dystrophic adult mice were compared. Besides the commonly used dystrophin-deficient mdx mouse model for human DMD, we also used mdx-utr mice, which are both dystrophin-and utrophin-deficient. We found that calcium channel currents were significantly increased, and channel inactivation was reduced in dystrophic cardiomyocytes. Both effects enhance the calcium influx during an action potential (AP). Whereas the AP in dystrophic mouse cardiomyocytes was nearly normal, implementation of the enhanced dystrophic calcium conductance in a computer model of a human ventricular cardiomyocyte considerably prolonged the AP. Finally, the described dystrophic calcium channel abnormalities entailed alterations in the electrocardiograms of dystrophic mice. We conclude that gain of function in cardiac L-type calcium channels may disturb the electrophysiology of the dystrophic heart and thereby cause arrhythmias. cardiac action potential; Duchenne muscular dystrophy; L-type calcium channels; dystrophin-deficient mouse models; ventricular cardiomyocytes DUCHENNE MUSCULAR DYSTROPHY (DMD) is an inherited disease characterized by progressive muscle weakness and degeneration. It is the most common and devastating form among the human muscular dystrophies, and affected patients suffer from loss of ambulation, respiratory failure, and premature death. The gene defect for DMD was mapped to an X chromosome gene encoding for the intracellular protein dystrophin. Dystrophin interacts with proteins of the so-called dystrophin-associated protein complex (DAPC) (11) and serves as a linker between the cytoskeleton and the extracellular matrix. Progressive skeletal muscle wasting in DMD is also accompanied by severe cardiac complications. These include cardiomyopathy development and arrhythmias (33) and significantly contribute to the morbidity and mortality observed (6). The mechanisms causing these cardiac complications, however, are largely unclear.
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Dystrophin and other protein members of the DAPC interact with voltage-gated ion channels. For example, the COOH termini of muscle and brain sodium channels bind to the PDZ domain of multiple members of the syntrophin family of dystrophin-associated proteins (13) . Disruption of such DAPC interactions with ion channels impairs their functional properties. Thus dystrophin deficiency in cardiomyocytes from the mdx mouse (most commonly used mouse model for human DMD with a mutation in the dystrophin gene) induces reduced sodium current densities and altered gating properties in cardiac Na v 1.5 sodium channels (2, 12) . Importantly, decreased sodium currents in cardiomyocytes can explain impairments in cardiac impulse conduction observed in DMD patients (e.g., 27 ). This exemplarily points out how the disruption of a DAPC interaction with a voltage-gated ion channel may induce cardiac complications associated with DMD.
Besides sodium channels, voltage-gated calcium channels also play an essential role in cardiomyocytes. In particular, cardiac L-type Ca v 1.2 channel activity determines the plateau phase of the cardiac action potential (AP) and initiates contraction. Mutations in genes encoding for Ca v 1.2 cause various disease phenotypes including Timothy syndrome, Brugada syndrome, and early repolarization syndrome (35) . This highlights the importance of a proper function of this channel in the heart. Little is known about L-type calcium channel abnormalities in the dystrophic heart. Isolated cardiomyocytes from mdx mice show elevated intracellular calcium levels (38) . It is, however, unclear if abnormal L-type calcium channel activity contributes to this phenomenon (39) , because here other mechanisms such as stretch-dependent ones may play a more prominent role (8, 38) . In mouse cardiomyocytes Ca v 1.2 colocalizes with dystrophin, and cardiomyocytes derived from dystrophindeficient mdx mice show impaired calcium channel inactivation (29) . We could recently confirm the reduced calcium channel inactivation in dystrophic cardiomyocytes (20) . Both the study of Sadeghi et al. (29) and our study (20) were performed on cardiomyocytes derived from neonatal dystrophic mice. Although a frequently used model cell system, the electrophysiological properties of neonatal cardiomyocytes do not well reflect the situation in the adult heart (e.g., 19, 20) . Therefore, it is currently unclear if, and to what extent, calcium channel abnormalities do also exist in the adult dystrophic heart.
The aim of the current work was to characterize abnormalities in L-type calcium channel function in adult dystrophic ventricular cardiomyocytes. Besides using the classical dystrophin-deficient mdx mouse, here, for the first time, we also used mice additionally carrying a mutation in the utrophin gene (9, 14) . The latter mouse model (mdx-utr) more closely resembles the general pathology observed in DMD patients, and develops a more severe cardiomyopathy with an earlier onset compared with mdx (14, 16) . Comparison of mdx with mdx-utr enabled us to test whether the stronger cardiac phenotype of the double-mutant mice correlates with more severe calcium channel abnormalities, as we (20) and Albesa et al. (2) recently reported for malfunctions in the cardiac sodium channel Na v 1.5. Finally, we tested the consequences of the observed calcium channel abnormalities in dystrophic cardiomyocytes on the cardiac action potential (AP), as well as on the electrocardiograms of neonatal and adult dystrophic mice.
MATERIALS AND METHODS
Ethical approval. The investigation conforms to the guiding principles of the Declaration of Helsinki and coincides with the rules of the University Animal Welfare Committee. For animal research, approval was granted by the Austrian Ministry for Science and Research (BMWF-66.009/0211-II/10b/2009).
Mouse models. Wild type (wt) C57BL/6 mice, dystrophin-deficient mdx (31) , and dystrophin/utrophin-deficient double mutant mdx-utr (9, 14) mice, backcrossed on the C57BL/6 background for more than 12 generations, were used for the work. The mdx mouse lacks full length dystrophin due to a mutation that results in a premature stop codon in exon 23. In the utr mouse, a neomycin cassette was introduced into exon 7 of the utrophin gene to disrupt the reading frame. For the calcium current measurements, and for action potential recordings at 7 Hz pacing frequency, mdx mice on the BL10 background (C57BL/10ScSn-Dmd mdx /J) and respective wt control mice (C57BL/10ScSnJ) were recently purchased from Charles River Laboratories. Throughout the text, the dystrophinϪ/Ϫ status (utrophinϩ/ϩ) is named "mdx". Double mutant (dystrophinϪ/Ϫ and utrophinϪ/Ϫ) mice are termed "mdx-utr". Genotyping of the mice was performed by using standard PCR-assays. For any comparisons between mdx and mdx-utr, littermates were used in the electrophysiological experiments.
Isolation of adult ventricular cardiomyocytes. Four-to six-monthold female mice were killed by cervical dislocation, and ventricular cardiomyocytes were isolated from their hearts as in our previous study (20) . Only female animals were used here to exclude possible artefacts introduced by sex differences, and to allow for direct comparability with the results obtained in our previous study (20) .
Barium current recordings. Currents were recorded in the whole cell patch-clamp mode from adult cardiomyocytes up to 8 h after preparation at a temperature of 22 Ϯ 1.5°C, using an Axoclamp 200B patch-clamp amplifier (Axon Instruments, Union City, CA). Pipettes were formed from aluminosilicate glass (AF150 -100-10; Science Products, Hofheim, Germany) with a P-97 horizontal puller (Sutter Instruments, Novato, CA), and had resistances between 0.8 and 1.5 M⍀ when filled with the respective pipette solution (see below). Data acquisition was performed with the pClamp 6.0 software (Axon Instruments) through a 12-bit A-D/D-A interface (Digidata 1200; Axon Instruments). Data were low-pass filtered with 2 kHz (Ϫ3 dB) and digitized at 5 kHz. Capacity transients and leak currents were subtracted using a P/4 protocol. Data analysis was carried out using Clampfit 10.2 (Axon Instruments) and GraphPad Prism 5.01 (San Diego, CA) software. The external solution contained 10 mM BaCl 2, 145 mM TEA-Cl, 10 mM HEPES, pH ϭ 7.4 adjusted with TEA-OH. The internal solution contained 145 mM Cs-aspartate, 2 mM MgCl 2, 10 mM HEPES, 0.1 mM Cs-EGTA, 2 mM Mg-ATP, pH ϭ 7.4 adjusted with CsOH. The kinetics of barium current inactivation (representing voltage-dependent calcium channel inactivation) was analyzed as follows: the current decay after channel activation was fit with a single-exponential function to derive time constants (-values). Current-voltage relationships were fit with the function:
where I is the current, G max is the maximum conductance, V is the membrane potential, Vrev is the reversal potential, V0.5 is the voltage at which half-maximum activation occurred, and K is the slope factor. Steady-state fast inactivation data were fit with the Boltzmann function:
where I/Imax is the normalized current, and the other parameters are defined as above. Recovery from inactivation was tested by applying a 5-s inactivating prepulse to 20 mV, which was followed by a 100-ms test pulse to 20 mV after various time intervals (in ms: 0.1, 1, 10, 30, 100, 300, 1,000, 10,000, 30,000). Gating currents were elicited from a holding potential of Ϫ80 mV by a depolarizing step to Ϫ20 mV. This particular potential was chosen because it moved a considerable amount of gating charge without triggering barium influx (see Fig. 1F ). A similar approach was used in Ref. 37 . Smaller depolarizations (e.g., to Ϫ40 mV) did not elicit any detectable gating currents, whereas larger depolarizations (e.g., to 0 mV) triggered a barium inward current on top of the gating current. On-gating charge (Q on) was determined by integrating the gating current over time and normalized to the cell capacitance.
Calcium current recordings. Whole cell calcium currents were recorded from adult cardiomyocytes derived from wt and mdx mice. The kinetics of calcium current inactivation (representing both calcium-and voltage-dependent calcium channel inactivation) was analyzed by measuring the time period between the current peak, and the time point at which the current had decayed to 50%. This parameter, which was also used in our previous study (20) , is termed "decay half-time." The solutions used to record calcium currents were identical to those used for the barium current recordings, except that the external solution contained 10 mM CaCl2 instead of 10 mM BaCl2.
Potassium current recordings. Whole cell potassium currents were recorded in an external solution containing 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM HEPES, 5 mM glucose, pH ϭ 7.4 adjusted with NaOH. The pipette solution consisted of 10 mM NaCl, 140 mM KCl, 2 mM EGTA, 1 mM MgCl2, 0.1 mM Na-GTP, 5 mM Mg-ATP, 10 mM HEPES, pH ϭ 7.2, adjusted with KOH.
Action potential recordings. APs were recorded from adult cardiomyocytes in the current-clamp mode of the whole cell patch-clamp technique. APs were elicited both at 1 and 7 Hz by rectangular current pulses of a duration of 4 ms at 125% threshold level. Data were low-pass filtered with 10 kHz (Ϫ3 dB) and digitized at 100 kHz. The bath and pipette solutions were identical to the solutions used for the potassium current measurements.
Computer simulations of mouse and human ventricular action potentials. Computer models for mouse (4; apical version) and human (34; mid-myocardial version) ventricular cardiomyocytes were downloaded from http://www.cellml.org/models. All simulations were performed in the CellML environment (22) with the default parameters of the models. Action potentials were simulated with a step size of 0.01 and 0.1 ms for mouse and human simulations, respectively. The impact of the L-type calcium channel in these models was studied by systematic variation of its conductance gCaL from 0.25-to 4-fold of its default value. The experimentally observed increase in L-type calcium channel conductance in adult dystrophic cardiomyocytes was implemented by increasing the default value 1.6-fold. The experimentally determined "dystrophic" deceleration in barium current decay was simulated by adjusting the inactivation time constant f of the model to "mod. f". This was done as follows: In the tenTuscher model of a Fig. 1 . L-type calcium channel properties in wild type (wt) and dystrophic cardiomyocytes. A: original traces of barium currents of a typical wt, dystrophin-deficient (mdx), and dystrophin/utrophin-deficient (mdx-utr) cardiomyocyte elicited by the pulse protocol displayed on top. A prepulse prior to the test pulses was applied to exclude a possible contamination by T-type calcium currents. B: current density-voltage relationships of wt and dystrophic cardiomyocytes (left). On the right, a comparison of the current densities at ϩ20 mV is shown. ANOVA revealed a significant difference (**P Ͻ 0.01) between the three tested groups. Tukey's post hoc test yielded significant differences both between mdx and wt (P Ͻ 0.01), and between mdx-utr and wt (P Ͻ 0.05), but not between mdx and mdx-utr. Fits of the current-voltage relationships (see MATERIALS AND METHODS) revealed the following parameters for wt (n ϭ 16), mdx (n ϭ 11), and mdx-utr (n ϭ 9) cardiomyocytes, respectively: V0.5 (mV): 2 Ϯ 1, 3 Ϯ 2, 4 Ϯ 1 (ns); K (mV): 7.0 Ϯ 0.3, 6.6 Ϯ 0.4, 7.1 Ϯ 0.4 (ns); Vrev (mV): 57 Ϯ 2, 59 Ϯ 2, 63 Ϯ 1 (P Ͻ 0.05, ANOVA). Cell capacitance values were similar and amounted to 68 Ϯ 4 pF in wt, 73 Ϯ 8 pF in mdx, and 70 Ϯ 5 pF in mdx-utr cardiomyocytes. C: comparison of the barium current decay kinetics between wt and dystrophic cardiomyocytes at various membrane voltages (*P Ͻ 0.05, ANOVA). -Values were derived from single-exponential fits of the current decay after channel activation. D: comparison of the calcium current decay kinetics between wt (n ϭ 20) and dystrophic mdx (n ϭ 24) cardiomyocytes at various voltages (*P Ͻ 0.05, **P Ͻ 0.01; t-test). Decay half-time represents the time period between the current peak and the time point at which the current had decayed to 50%. The calcium current densities at ϩ30 mV (voltage at which current was maximal) amounted to Ϫ6.6 Ϯ 0.5 pA/pF in wt and Ϫ9.3 Ϯ 1.1 pA/pF in mdx cardiomyocytes and were significantly different (P Ͻ 0.05). E: voltage dependence of barium current steady-state inactivation for wt and dystrophic cardiomyocytes (left). Data fits with a Boltzmann function (see MATERIALS AND METHODS) revealed the following parameters for wt (n ϭ 6), mdx (n ϭ 7), and mdx-utr (n ϭ 8) cardiomyocytes, respectively: V0.5 (mV): Ϫ20 Ϯ 1, Ϫ19 Ϯ 1, Ϫ17 Ϯ 1 (ns); K (mV): 7.4 Ϯ 0.3, 7.7 Ϯ 0.7, 6.5 Ϯ 0.3 (ns). The recovery from inactivation in wt (n ϭ 8) and dystrophic (mdx, n ϭ 8; mdx-utr, n ϭ 11) cardiomyocytes is shown on the right. Here the peak currents elicited by the test pulse were normalized to the maximum peak current and plotted against recovery time. F: original current traces (left) elicited by depolarizing voltage steps to Ϫ40, Ϫ20, and 0 mV from a holding potential of Ϫ80 mV. Such experiments were performed in all cells from which also current density-voltage relationships were derived (see B). An outward gating current without "contamination" by barium inward current can be observed at a potential of Ϫ20 mV. On-gating charge (Qon) was determined as the time integral of the outward gating current at Ϫ20 mV (shaded area in the left figure part), and normalized to the cell capacitance. The Qon values amounted to 8.5 Ϯ 0.9 nC/F (n ϭ 16) in wt, 5.6 Ϯ 1.2 nC/F (11) in mdx, and 6.3 Ϯ 0.8 nC/F (9) in mdx-utr (P ϭ 0.1, ANOVA). Individual Qon values of all experiments were plotted against the respective current densities at ϩ20 mV. This adjustment did not lead to visible alterations in the simulated APs. To include the deceleration in current decay as observed in the dystrophic cardiomyocytes (Fig. 1C) , f was then changed to:
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RNA isolation and quantitative Taqman-PCR.
Taqman RT-PCR on RNA isolated from heart tissue was performed according to a previously developed protocol (30) . For isolation of RNA, hearts of 10-to 16-wk-old animals were shock frozen in isopentane cooled on dry ice. For each specimen, 20 mg of ventricular tissue (from apex, ϳ200 slices with a slice thickness of 5 m) was cut with a microtome at Ϫ20°C. Frozen tissue slices were immediately resuspended in RTL lysis buffer of the RNeasy Fibrous Tissue Kit (Qiagen, Vienna, Austria). RNA was isolated according to the manufacturer's protocol. RNA concentrations were determined photometrically using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Reverse transcription was performed on 1 g of RNA using Superscript II reverse transcriptase (Invitrogen) and random hexamer primers (Promega, Madison, WI); RT mix was incubated for 60 min at 37°C. The relative abundance of different Ca V subunit transcripts was assessed by TaqMan quantitative PCR (qRT-PCR) using a standard curve method based on PCR products of known concentration in combination with normalization using the most stable control genes as previously described (30) . TaqMan gene expression assays specific for Ca v1.2, Cav1.3, ␣2␦-1, and ␤2, designed to span exon-exon boundaries, were purchased from Applied Biosystems (Foster City, CA). The following assays were used [name (gene symbol), assay ID (Applied Biosystems)]: Ca v1.2 (Cacna1c), Mm00437953 m1; Cav1.3 (Cacna1d), Mm01209919 m1; ␤2 (Cacnb2), Mm00659092 m1; ␣2␦-1 (Cacna2d1), Mm00486607 m1. The endogenous control genes included were [name (gene symbol), assay ID (Applied Biosystems)]: b-cytoplasmic actin (Actb), Mm00607939 s1; beta-2-microglobulin (B2m), Mm00437762 m1; glyceraldehyde-3-phosphate dehydrogenase (Gapdh), Mm99999915 g1; hypoxanthine phosphoribosyl-transferase 1 (Hprt1), Mm00446968 m1; succinate dehydrogenase complex, subunit A (Sdha), Mm01352363 m1; tata box binding protein (Tbp), Mm00446973 m1; transferrin receptor (Tfrc), Mm00441941 m1. qRT-PCR (50 cycles) was performed in duplicates using 20 ng total RNA equivalents of cDNA and the specific TaqMan gene expression assay for each 20 l reaction in TaqMan Universal PCR Master Mix (Applied Biosystems). Measurements were performed on three independent RNA preparations from each genotype. Analyses were performed using the 7500 Fast System (Applied Biosystems). The Ct values for each Ca v gene expression assay were recorded for each individual preparation. To allow a direct comparison between the expression levels in different samples, we normalized all experiments to Hprt1 and Gapdh, which were determined to be most stably expressed reference genes across all preparations and time points. Subsequently, normalized molecule numbers were calculated for each Ca v subunit from their respective standard curve (30) . Data were organized and analyzed using MS Excel and SPSS statistical software (SPSS, Chicago IL). Statistical significance was determined by twoway ANOVA.
Surface electrocardiogram recordings. Standard 6-lead surface electrocardiograms (ECGs) were recorded from conscious neonatal mice 2 and 12 (9 -14 day-old; mean, 12.3) days of age. ECGs were also recorded from anesthetized adult female mice in two different time windows (4 -6 mo, mean 140 days; and 8 -21 mo, mean 420 days). A mean animal age of 140 days resembles the age of the mice (4 -6 mo) used for cardiomyocyte isolation. Because of the reduced lifespan of mdx-utr mice, ECG recordings on 420-day-old animals could only be performed on wt and mdx mice. ECG recordings from neonatal mice were performed as in our previous study (20) . A custom-built setup restrained neonatal mice in movement. Four Ag/ AgCl-electrode footpads were used to record ECGs. The pads were wetted with ECG electrode gel, and each foot was placed such that it made contact with a separate electrode. Adult mice were anesthetized with a single ip injection of 350 mg/kg chloral hydrate, and depth of anesthesia was monitored (minimal response to hind-foot pinch). Small-needle ECG leads were placed subcutaneously on all 4 extremities. Body temperature was maintained at 37°C using a heating pad and lamp. Signals were amplified (Gould model 11 G412301; Gould, Cleveland, OH), high-and low-pass filtered with Ϫ3 dB cut-off frequencies of 0.3 and 1 kHz, respectively, digitized at 5 kHz, and stored for offline analysis. To reduce noise levels, ECG signals were averaged over 50 -200 beats prior to evaluation. Interval values were normally determined by calculating the mean of all 6 standard leads. Individual values which could not be unambiguously identified were excluded from the succeeding analysis. The RR interval was determined as average distance between 50 and 200 consecutive QRS complexes (see Fig. 5A ). Heart rate in beats per minute (bpm) was then calculated as 60,000/RR (ms). The PQ interval was measured from the beginning of the P wave to the beginning of the QRS complex (see Fig. 5A ). The QT interval was measured from the end of the PQ interval to the time point at which the ECG signal approached the isoelectric line just before the rise of the next P wave (see Fig. 5A , inset). The heart rate dependence of the QT interval was corrected assuming a linear relation between the QT interval and the RR interval. Experimental data from all three genotypes were fit with a linear regression model with the formula: QT ϭ k ϫ RR ϩ c, where k and c are the regression parameters which represent the steepness and the QT offset value at an RR interval of 0 ms, respectively. Corrected QT interval values (QTc) were calculated referring to an RR interval of 100 ms (heart rate of 600 bpm). Wherever in the text we present or interpret our QT interval data, we refer to QTc values.
Statistics. Data are expressed as means Ϯ SE if not otherwise specified. Except for the RT-PCR experiments (see above), statistical comparisons between wt, mdx, and mdx-utr were made using oneway ANOVA (for independent samples) with Tukey's post hoc test. In case only two groups had to be compared, an unpaired two-tailed Student's t-test was performed. A P value Ͻ 0.05 was considered significant. Figure 1A shows typical original traces of barium currents, elicited by the pulse protocol displayed on top, of a wild type (wt), mdx, and mdx-utr cardiomyocyte. A summary of the current density-voltage relationships, derived from a series of such experiments, is presented in Fig. 1B . It can be observed that the current densities of dystrophic cardiomyocytes were significantly increased compared with those in wt cells. The current densities of mdx and mdx-utr cardiomyocytes, on the other hand, were similar. This suggests that dystrophin deficiency (mdx and mdx-utr) alone, but not extra utrophin deficiency (only mdx-utr), generated the observed increase in current density.
RESULTS

L-type calcium channel properties in normal and dystrophic cardiomyocytes.
Analysis of the current decay after channel activation (Fig.  1C) revealed that the kinetics of voltage-dependent inactivation was considerably slowed in dystrophic cardiomyocytes. Significant differences at certain voltages were assessed by singleexponential decay current fits (Fig. 1C) . Again mdx and mdxutr cardiomyocytes were similar. These data suggest that, in addition to an increase in current density, dystrophin-deficiency also generated a reduction in voltage-dependent calcium channel inactivation. To test if besides voltage-dependent inactivation also calcium-dependent inactivation is impaired in dystrophic cardiomyocytes, additional experiments were performed using calcium instead of barium as the charge carrier. Figure 1D shows that the kinetics of calcium current inactivation was significantly slowed in mdx compared with wt cardiomyocytes. This suggests that dystrophin deficiency also caused a reduction in calcium-dependent channel inactivation. Figure 1E , finally, shows that both steady-state inactivation (left) and the recovery from inactivation (right) were similar in wt and dystrophic cardiomyocytes.
To study if a greater number of functional calcium channels in the membrane may account for the observed current density increase in dystrophic compared with wt cardiomyocytes (Fig.  1B) , we evaluated ON-gating charge (Q on ) values from gating currents elicited by depolarizing voltage steps to Ϫ20 mV (see MATERIALS AND METHODS and Fig. 1F, left) . These Q on values, which represent a simple measure of the number of channels in the membrane, were similar in wt and dystrophic cells. As a result, a linear regression of the current density with Q on forced through the origin (Fig. 1F, right) revealed steeper slopes for mdx (k ϭ 3.4, dashed line) and mdx-utr (k ϭ 3.2, dotted line) compared with wt (k ϭ 1.6, solid line). For all genotypes, a significant linear relationship (P Ͻ 0.01, F-test) existed between Q on and current density. These data suggest that altered single-channel properties, but not a higher number of functional calcium channels in the membrane, are responsible for the increased current densities observed in dystrophic cardiomyocytes.
To test the hypothesis that an altered L-type calcium channel subunit expression in dystrophic cardiomyocytes may be responsible for the abnormal channel properties in these cells, we performed quantitative RT-PCR experiments on ventricular tissue derived from wt, mdx, and mdx-utr hearts. Figure 2 shows that the mRNA levels of all the studied calcium channel subunits were similar in the hearts of wt and dystrophic animals. This was true for the main cardiac ␣ 1 channel subunit ␣ 1C (Ca v 1.2), as well as for its auxiliary subunits ␣ 2 ␦-1 and ␤ 2 . Finally, ␣ 1D (Ca v 1.3), which is normally insignificantly expressed in the adult cardiac ventricle (7), did not seem to be abnormally induced in the dystrophic heart. Under the assumption that the amount of translated protein parallels the transcription of mRNA, these data not only confirmed that the number of calcium channels was similar in wt and dystrophic cardiomyocytes (see above); they also suggest that auxiliary calcium channel subunit expression was normal in the dystrophic heart.
Action potentials in normal and dystrophic cardiomyocytes. To estimate the effects of the abnormal L-type calcium channel properties in dystrophic cardiomyocytes on the cardiac AP, we recorded APs at different pacing frequencies from wt, mdx, and mdx-utr cardiomyocytes, typical examples of which are displayed in Fig. 3 , A (1 Hz) and C (7 Hz). In Fig. 3 , B (1 Hz) and D (7 Hz), AP durations at 25% and 75% repolarization (left), and AP areas (right) were compared between wt and dystrophic cardiomyocytes. It can be observed that, at both pacing frequencies, no significant differences between wt and dystrophic cells were present among the tested groups in any of these parameters. This suggests that AP duration was similar in wt and dystrophic cardiomyocytes.
Because it was surprising that the observed abnormalities in L-type calcium channel properties in dystrophic cardiomyocytes (e.g., a profound increase in current density) did not significantly prolong the AP in these cells, we sought for an additional confirmation of this finding. A computer model of a mouse ventricular cardiomyocyte (4) in which we implemented the enhanced calcium conductance of dystrophic cardiomyocytes (1.6-fold g CaL compared with wt) indeed confirmed the results of our experiments (Fig. 3E) . Namely, we found no considerable AP prolongation under the simulated condition of an increased "dystrophic" calcium conductance. In addition, systematic variation of g CaL over a wide range (0.25-to 4-fold) in these simulations suggested that the impact of calcium conductance on the shape of the mouse AP is small in general. Thus, only 4-fold g CaL caused a readily discernible change in AP form (Fig. 3E) .
Finally, considering the substantial differences between the cardiac AP in mouse and men (25) , it was of interest to additionally use a computer model of a human ventricular cardiomyocyte (34) (Fig. 3F) , and to execute the same simulations as described above. Interestingly, under increased "dystrophic" calcium conductance (1.6-fold g CaL compared with wt), in contrast to the mouse AP, the human AP was considerably prolonged. Further, variation of g CaL over a wide range also revealed a much bigger effect of calcium conductance in shaping the human (Fig. 3F, left) compared with the mouse (Fig. 3E) AP. Besides the increased dystrophic calcium conductance, implementation of the experimentally observed de- Fig. 2 . L-type calcium channel subunit mRNA levels in wt, mdx, and mdx-utr adult cardiac ventricles. Three hearts per genotype were used for TaqMan quantitative RT-PCR for the main ventricular ␣1-subunit Cav1.2 (␣1C), the ␣1-subunit Cav1.3 (␣1D), and the auxiliary subunits ␣2␦-1 and ␤2. The relative transcript levels were normalized to the two most stably expressed endogenous control genes Hprt1 and Gapdh, and bars represent means Ϯ SE. mRNA for Cav1.2 was the most abundant ␣1 subunit transcript, while Cav1.3 mRNA accounted for only ϳ5% of L-type calcium channel transcripts. There was neither a difference in the overall (P ϭ 0.82) nor in the specific (␣1, ␣2␦-1, and ␤2; P ϭ 0.87) subunit transcript levels between wt, mdx, and mdx-utr hearts (two-way ANOVA).
celeration in voltage-dependent inactivation in dystrophic cardiomyocytes into the human AP simulations yielded an additional AP-prolonging effect (Fig. 3F, right) .
Potassium currents in normal and dystrophic cardiomyocytes. An alternative explanation for the lack of an AP-prolonging effect of the observed L-type calcium channel abnormalities in mdx and mdx-utr cardiomyocytes would be enhanced potassium outward currents in dystrophic cells, which counteract the impact of increased calcium inward currents. To test this hypothesis we compared outward potassium currents in wt, mdx, and mdx-utr cardiomyocytes. Figure 4 shows that no significant differences existed between the potassium current densities in wt and dystrophic cardiomyocytes, whereby a tendency toward decreased currents in dystrophic cells can be observed. These experiments suggest that the potassium outward currents in dystrophic cardiomyocytes are not enhanced, and therefore cannot counteract the effects of increased calcium currents in these cells.
Surface electrocardiogram (ECG) recordings on normal and dystrophic mice. To test if abnormal calcium channel function at the cellular level in dystrophic cardiomyocytes affects the heart's electrophysiological properties in dystrophic animals, we compared ECGs of wt and dystrophic mice. To be able to track developmental changes, here, animals over a broad age range (2 to 420 days, see MATERIALS AND METHODS) were studied. This also allowed for comparison with our earlier work (20) in which we reported L-type calcium channel abnormalities in dystrophic cardiomyocytes derived from neona- Fig. 3 . Action potentials (APs) in wt and dystrophic cardiomyocytes. A: typical APs recorded from a wt and a mdx-utr cardiomyocyte which were elicited by a 4-ms current injection at 125% threshold at 1-Hz pacing frequency. B: AP duration (left) was evaluated from the maximum depolarization value reached to the time point at which 25% (APD25) and 75% (APD75) of repolarization had been accomplished. AP area (mVϫ ms) (right) was determined by integrating from the start of the current stimulus to the very end of repolarization. ANOVA did not reveal significant differences between wt (n ϭ 8) and dystrophic (mdx, n ϭ 7; mdxutr, n ϭ 8) cardiomyocytes. C: APs recorded from a wt and a mdx cardiomyocyte at 7-Hz pacing frequency. D: corresponding AP analyses performed as in B. No significant differences existed between wt (n ϭ 12) and dystrophic (mdx, n ϭ 13) cardiomyocytes. E: AP simulation using a computer model of a mouse ventricular cardiomyocyte (4). The experimentally determined 1.6-fold increase in current density of dystrophic (dys) cardiomyocytes (similar in mdx and mdx-utr, Fig.  1B) was implemented into the model by changing the respective default conductance, gCaL ϭ 0.173 mS/F to gCaL ϭ 0.277 mS/ F. In addition, gCaL values were systematically varied between 0.25-and 4-fold of the default value. Their impact on AP durations for different repolarization levels (25-90%) is displayed on the right. F: AP simulation (left) performed as in E using a computer model of a human ventricular cardiomyocyte (34) . On the right, in addition to the increased "dystrophic" current density (1.6 gCaL, solid line), the decelerated "dystrophic" current decay (Fig. 1C) (1 gCaL ϩ mod. f, dotted line) was implemented into the model (see MATERIALS AND METHODS). The dashed line (dys) represents the implementation of both "dystrophic" effects together.
tal mice. Figure 5A shows typical examples of ECG recordings on a neonatal wt (top left) and an adult wt (top right) mouse, and the corresponding traces obtained by averaging of 100 original traces (bottom panel). We found that, at all animal ages tested, the heart rate was similar in wt and dystrophic animals (Fig. 5B) . On the other hand, the PQ intervals of the ECGs were significantly shortened in dystrophic mice over the whole age range (Fig. 5C) . No significant differences existed between the PQ intervals of mdx and mdx-utr mice in the respective age groups. Finally, the QT intervals of the ECGs were similar in neonatal wt and dystrophic animals (Fig. 5D,  left) . In adult dystrophic mice, the QT intervals tended to be slightly prolonged (Fig. 5D, right) , whereby a significant difference was present only in the oldest age group (420 days, wt vs. mdx). Again no difference existed between the QT intervals of mdx and mdx-utr mice over the whole animal age range tested.
DISCUSSION
Calcium channel abnormalities in adult dystrophic cardiomyocytes. Here we report significant L-type calcium channel abnormalities in ventricular cardiomyocytes derived from adult dystrophic mice: first, current density is 1.6-fold increased, and second, calcium channel inactivation is considerably reduced in dystrophic cardiomyocytes. Importantly, both effects will enhance the calcium influx during an AP. Calcium channel inactivation occurs by two mechanisms: a slow, voltage-dependent mechanism, and a faster, calciumdependent mechanism (15) . In the present study, by performing two sets of current recordings with either barium or calcium as the charge carrier, we could provide evidence that both voltage-dependent and calcium-dependent channel inactivation are impaired in dystrophic cardiomyocytes. A recent study, which was published in the course of writing up of this manuscript (36) , confirmed a significantly slowed calcium current decay after channel activation in adult mdx compared with wt cardiomyocytes.
An interesting finding of the present study was the lack of an effect of extra utrophin deficiency. Thus the calcium channel abnormalities in only dystrophin-deficient mdx cardiomyocytes were similar as those observed in mdx-utr cardiomyocytes. We (20) and Albesa et al. (2) have recently shown that extra utrophin deficiency in cardiomyocytes generates significant sodium current abnormalities in addition to those pro- and an adult (right) wt mouse, and the corresponding averaged signals of 100 beats (lower panel), respectively. B: heart rate in bpm is plotted over a broad animal age range for wt, mdx, and mdx-utr neonatal and adult animals. The number of animals per age and per genotype was 4 -10 and 4 -23 for neonatal and adult, respectively. ANOVA revealed no significant differences between the three groups (P Ͼ 0.05). C: PQ intervals are plotted over animal age for wt, mdx and mdx-utr mice. ** and *** indicate that ANOVA revealed a significant difference (P Ͻ 0.01 and P Ͻ 0.001, respectively). Tukey's post hoc test was always significant between mdx and wt, and between mdx-utr and wt, but not between mdx and mdx-utr. § § § indicates that a t-test revealed a significant difference (P Ͻ 0.001). D: heart rate-corrected QT intervals (QTc) are plotted over animal age for wt, mdx, and mdx-utr mice. § indicates that a -test revealed a significant difference (P Ͻ 0.05). Mean values Ϯ SD of all animals of a given genotype are displayed.
duced by dystrophin deficiency only. This implied that utrophin exerts a regulatory effect on cardiac Na v 1.5 channels in dystrophin-deficient mdx mice. The data of the present study suggest that, in contrast to Na v 1.5, cardiac Ca v 1.2 calcium channels are not regulated by utrophin. On the other hand, Ca v 1.2 channels are certainly regulated by dystrophin. Dystrophin regulation of L-type calcium channels has previously been postulated also for the skeletal muscle Ca v 1.1 channel (18) .
The mechanism underlying the abnormal calcium channel properties in dystrophic cardiomyocytes reported here remains unknown. A possible factor that may affect both current density and inactivation is calcium channel auxiliary subunit expression (26) , which might be altered in dystrophic cells. Our quantitative RT-PCR experiments, however, showing that mRNA levels of the calcium channel subunits in wt and dystrophic cardiomyocytes are similar, suggest that this is not the case. This is further supported by similar Ca v 1.2-␣ 1 (12) and ␣ 2 ␦ auxiliary subunit (23) protein levels in normal and mdx mouse hearts. In addition, similar ON-gating charge values in wt and dystrophic cardiomyocytes, as found in the present study, suggest that altered single-channel properties rather than a greater number of functional calcium channels produced the increased current density of dystrophic cells. We are currently studying alternative regulatory mechanisms which may account for the abnormal calcium channel properties in dystrophic cardiomyocytes.
Development of calcium channel abnormalities in dystrophic cardiomyocytes. In our previous study (20) we reported that L-type calcium channel abnormalities are already present in cardiomyocytes derived from neonatal dystrophic mice. Thus, in accordance with Ref. 29 , we found a reduced calcium channel inactivation in neonatal dystrophic compared with wt cardiomyocytes. Since it is believed that cardiac abnormalities are not present in both the dystrophy mouse models used here even up to the young adult age (Յ7 wk) (e.g., 14, 28), these calcium channel defects in neonatal dystrophic cardiomyocytes may be considered primary effects of the dystrophic gene mutations, which precede the development of a cardiomyopathy (20) .
In the present study performed on cardiomyocytes derived from adult mice, in addition to a reduced calcium channel inactivation, we also found a considerable increase in the current density in dystrophic cardiomyocytes. In contrast, the densities of currents through calcium channels in neonatal wt and dystrophic cardiomyocytes were similar (20, 29) . These findings suggest that the calcium channel abnormalities in cardiomyocytes of dystrophic mice become more severe in the adult age. A possible explanation would be that the developing pathology in the dystrophic heart generates secondary effects on the calcium channels in cardiomyocytes, i.e., perturbations in channel expression and/or function. In the failing heart, this well-known phenomenon is referred to as "electrical remodeling" (1, 17) . Our data, however, do not support the hypothesis of a positive correlation between the severity of the developing cardiomyopathy and the degree of the calcium channel abnormalities observed, as would be expected for a classical remodeling effect. In particular, very similar calcium channel abnormalities were present in mdx and mdx-utr cardiomyocytes. According to the literature, in the animal age range used for cardiomyocyte isolation in the present study (4 -6 mo), the mdx mouse shows only mild cardiac abnormalities (e.g., 28), whereas in mdx-utr mice inflammation, cardiomyocyte necrosis, fibrosis, and contractile dysfunction are strongly present (14, 16) .
Calcium channel abnormalities in cardiomyocytes disturb the electrophysiology of the dystrophic heart. We have previously shown that reduced sodium currents in dystrophic cardiomyocytes go along with a prolonged QRS interval of the ECG in adult dystrophic mice (20) . Thus, ventricular conduction is delayed in the dystrophic heart. The ECG parameters most likely to be affected by calcium channel abnormalities in dystrophic cardiomyocytes are the PQ interval and the QT interval. The former parameter reflects AV nodal conduction, whereas the latter parameter corresponds to AP duration, and is dominated by ventricular repolarization.
In the present study we show that, as an expected consequence of enhanced calcium currents in dystrophic cardiomyocytes, the PQ interval of the ECG was significantly shortened in dystrophic mice. This finding agrees with previous studies on mdx mice (e.g., 5), and shortened PQ intervals are also observed in DMD patients (27, 33) . In good accordance with the comparable calcium channel abnormalities in mdx and mdx-utr cardiomyocytes we report here, the amount of PQ interval shortening in mdx and mdx-utr compared with wt mice was also similar. Here, a limitation of our study should be noted: only cardiomyocytes isolated from the ventricles of mouse hearts, but not from the AV node, were studied. Our consistent findings of shortened PQ intervals in dystrophic animals, however, suggest that similar calcium channel abnormalities (leading to enhanced calcium currents) as in ventricular cardiomyocytes are also present in myocytes of the AV node. In the present study, we also examined the development of ECG parameter abnormalities in dystrophic mice over a broad animal age range (2-420 days). For the PQ interval we found a significant shortening already in neonatal dystrophic mice 2 days after birth. This may be linked to reduced calcium channel inactivation in neonatal dystrophic cardiomyocytes (20, 29) .
The QT interval of the ECG in neonatal dystrophic mice was similar to that in age-matched wt mice. In adult dystrophic mice, the QT intervals tended to be prolonged, whereby a significant difference was only reached in the oldest age group (420 days). Although not tested in the present study, this could be explained by more severe calcium channel abnormalities (stronger gain of function) in cardiomyocytes of old compared with younger dystrophic animals. As the PQ intervals, also the QT intervals of mdx and mdx-utr mice were similar. Prolonged QT intervals in adult mdx compared with wt mice have previously been reported (e.g., 5, 29). However, the available literature is contradictory in that, for example, other authors found normal QT intervals in adult mdx mice (e.g., 12). The lack of a significant prolongation of the QT interval in 140-day-old adult dystrophic mice reported here matches with a normal AP duration in dystrophic cardiomyocytes derived from mice of similar age, but, on the other hand, disagrees with the presence of considerable calcium channel abnormalities in these cells. This discrepancy, namely that enhanced calcium currents in dystrophic cardiomyocytes do not induce significant AP and QT interval prolongation, may be explained by the comparably small contribution of L-type calcium currents to the short cardiac AP in the mouse (21) . This possibility was tested in our AP computer simulations, which indeed showed that a 4-fold increase in g CaL is needed to considerably prolong the mouse AP (Fig. 3E) . On the other hand, already a 1.6-fold increase in g CaL (resembling "dystrophic" calcium conductance) generated a pronounced prolongation of the simulated human cardiac AP (Fig. 3F) . This is consistent with the view that, compared with the mouse, L-type calcium channel activity plays a more prominent role in shaping the long human cardiac AP (21) .
Together our findings suggest that the calcium channel abnormalities we found in cardiomyocytes from 4-to 6-mo-old dystrophic mice do not suffice to significantly lengthen the AP and considerably prolong the QT interval in these animals. On the other hand, importantly, calcium channel abnormalities, if also present in dystrophic human ventricular cardiomyocytes in a comparable dimension as in the mouse, will have a dramatic effect on ventricular repolarization in the dystrophic human heart. Thus, enhanced calcium currents in dystrophic cardiomyocytes may contribute to the QT interval prolongation observed in some DMD patients (33) .
Clinical implications. In the present study we have identified significant L-type calcium channel abnormalities in adult dystrophic cardiomyocytes which enhance the calcium influx during the cardiac AP. Thereby we could uncover a mechanism which may underlie part of the ECG abnormalities regularly observed in DMD mouse models and in DMD patients. Similar gain of function calcium channel abnormalities as reported herein, namely larger currents and impaired inactivation, underlie the serious cardiac arrhythmias observed in Timothy syndrome, a rare multisystem disorder caused by Ca v 1.2 channel mutations (3, 10, 32) . Consequently, the "dystrophic" calcium channel abnormalities we report here may be considered a feasible source of cardiac arrhythmias. Finally, abnormally big L-type calcium currents in cardiomyocytes also represent a potential trigger for cardiomyopathy development (24) .
